Abstract-We perform an investigation into the scintillation processes and performance of elpasolites Cs2LiLaBr6−xClx:Ce (CLLBC) and Cs2LiYBr6:Ce (CLYB) using a thermal cycle over a range of -20 to +50
I. INTRODUCTION
R ADIATION Monitoring Devices has been at the forefront of developing a new class of elpasolite scintillators capable of gamma spectroscopy and thermal neutron detection; examples include cerium-doped Cs 2 LiYCl 6 (CLYC), Cs 2 LiLaBr 6 (CLLB), Cs 2 LiYBr 6 (CLYB), and Cs 2 LiLaCl 6 (CLLC). Thermal neutron detection is due to the 6 Li(n th ,α)T capture reaction. In many cases, gamma and neutron events can be uniquely identified by pulse-shape discrimination (PSD), which is made feasible due to unique emission waveforms arising from the incident particles. Previous investigations of CLYB have shown that it has a larger light output than CLYC, as well as higher gamma-equivalent energy for neutrons, and better thermal neutron efficiency, but that it has worse PSD performance [1] , [2] . CLLB is the brightest of the elpasolites [2] but lacks the capacity for fastneutron detection exhibited by CLYC and CLLC through the 35 Cl(n,p) 35 S reaction. Recently, RMD developed the new elpasolite Cs 2 LiLaBr 6−x Cl x :Ce (CLLBC) that approaches the light output of CLLB and adds the capacity for fast neutron spectroscopy [3] . The resolution and pulse shape discrimination (PSD) performance of both CLYB and CLLBC have been previously investigated at room temperature [1] , [2] , [3] , [4] .
We have previously presented work on the scintillation mechanisms present in CLYC and their thermal dependencies [5] . We found that CLYC exhibits primarily three scintillation mechanisms under x-ray/gamma-ray excitation with a range of decay times: emission by self-trapped excitons (STEs, slow), binary V k and electron diffusion (intermediate), and direct electron-hole capture by Ce 3+ trivalent doping ions (fast). A fourth mechanism, core-to-valence luminescence All authors are with the Intelligence and Space Research Division of Los Alamos National Laboratory, Los Alamos, NM, 87545 USA e-mail: dcoupland@lanl.gov This work was supported by the United States Defense Threat Reduction Agency through Interagency Agreements DTRA10027-5888-B and DTRA10027-7646-B (CVL), is an ultrafast emission observed only under gammaexcitation [6] , [7] .
In this work, we perform a similar investigation of a CLYB crystal and a CLLBC crystal at a range of temperatures spanning -20 to +50
• C, a range defined for handheld detectors and personal dosimeters in ANSI N42.34 and ANSI N42.48, in order to characterize their performance and thermal variance. At each of the temperatures investigated, we subject the materials to both incident gammas and thermal neutrons, and we perform data acquisition with both a waveform digitizer and standard charge-integrating electronics. In this manner, we first measure decay times of emission by fitting compound exponential functions to the digitized waveforms. Next, we identify and examine the thermal variance of the underlying waveform components. Finally, we present the gammaequivalent energy (GEE) of the thermal neutron peak and evaluate PSD performance for all temperatures in the range. All results are compared to previously published results from CLYC [5] which were not repeated for this study. The exception is the thermal neutron GEE of CLYC, which was not reported in the previous study as a function of temperature and so is presented here for the first time.
II. ELPASOLITE SAMPLES
The samples used in this study are shown in Figure 1 . At the time these samples were procured, CLLBC and CLYB manufacturing was not mature, so the performance results are not optimal. In particular, cracks are visible in the crystal. Nevertheless, the dependence of scintillation response on temperature is instructive.
III. PULSE SHAPE DISCRIMINATION
The presence, absence, or likelihood of particular scintillation mechanisms in the elpasolites result in unique scintillation waveforms that depend on the incident particle, as shown for CLYC in Figure 2 . By integrating the prompt (P) and delayed (D) portions of each waveform, we construct the PSD ratio R:
that results in different values for neutron and gamma events. PSD ratios versus energy for the three elpasolites at room temperature are shown in Figure 3 . Thermal neutron captures from an 241 AmB source are indicated by a dotted red circle, while other events result from gamma interactions. The integration windows used to generate these plots, as determined 978-1-4673-9862-6/15/$31.00 ©2015 IEEE by optimizing the PSD separation between digitized neutron and gamma waveforms, are given in Table I . We were unable to find integration windows leading to reasonable CLYB PSD separation, so the CLYC windows were duplicated. Reasonable PSD separation with CLYB has been reported previously [8] . Our inability to replicate this is likely the result of our choice of PSD ratio and the quality of the crystal sample.
IV. SCINTILLATION DECAY TIMES
Each of the elpasolite samples was optically coupled to a Hamamatsu R11265-100 PMT, which, with a 1.3 ns rise time and 5.8 ns transit time, is fast enough to capture even the few-ns CVL decay from CLYC. We exposed the samples to a 137 Cs gamma source and a moderated 241 AmB neutron source at temperatures ranging from -20 to +50
• C in 10 • C increments. At each temperature, we collected 5k waveforms from each source using a 2 GHz Agilent Acqiris U1065A waveform digitizer, and collected additional statistics using charge integrating electronics set to the integration windows given in Table I . After identifying events as gamma or neutron via PSD ratio and energy cuts, we average waveforms together for each particle type and fit them with the sum of three exponential decays. An example averaged waveform and fit are shown in Figure 4 . Unlike CLYC, neither CLYB nor CLLBC exhibits an ultrafast (3 ns) CVL component. The decay times of the separate scintillation components at room temperature are given in Table II . Figure 5 displays the variation of the decay times with temperature. For CLYC, Budden et al. [5] identified the two thermally activated components as the result of STE (slow) and V k (intermediate) migration to the Ce 3+ centers, while the fast component is the result of direct Ce 3+ emission. By comparison, we label the same scintillation components of CLYB and CLLBC. The CLLBC curves (top) follow a similar trend as the CLYC curves (bottom): both the STE and V k decay components become faster at higher temperatures, while the Ce 3+ component is relatively stable. On the other hand, the same components of the CLYB waveforms (middle) become slower at higher temperature. The STE component of both CLLBC and CLYB decays faster than for CLYC, as does the V k component in CLLBC. The opposite temperature trend in the CLYB V k causes it be faster than the equivalent CLYC component at low temperatures and slower at high temperatures.
The contribution of each scintillation mechanism to the total light output is shown in Figure 6 , where the total light output is normalized to 100% at 20
• C. The fast Ce from the three components are most similar across the entire temperature range for CLLBC and most consistently separate for CLYC, while for CLYB the Ce 3+ and STE components contribute similar amounts of light but the V k mechanism is suppressed at low temperatures. For each sample with both neutrons and gammas, the contribution from STE emission trends down with temperature, while the contribution from V k diffusion trends up or is flat. The most significant difference in temperature trends between the three elpasolites is from direct Ce 3+ emission, which becomes more prominent with increasing temperature in CLLBC and less prominent in CLYB. In CLYC the Ce 3+ temperature trend depends on the incident radiation, staying mostly flat for gammas while decreasing for neutrons until it is smaller than our ability to measure. Elpasolites, like many scintillators, produce less light output for a given deposited energy when the ionization density is larger. The light produced by a thermal neutron capture (Q=4.78 MeV) is thus quenched compared to a gamma of equivalent energy, by an amount dependent on the specifics of the scintillation mechanisms. The GEE of the thermal neutron capture is shown as a function of energy for all three elpasolites in Figure 7 . The energy was calibrated using the 662 keV gamma emission from a 137 Cs source at each temperature, and linearity of the response is assumed. The GEE of all three elpasolites decreases with temperature. While this is a monotonic trend in CLYC and CLYB, in CLLBC the GEE increases between 20 and 40
• C. Because it decreases faster with temperature outside that range, the GEE of CLLBC is similar to that of CLYC throughout the studied temperature range, differing most around room temperature. CLYB exhibits less light quenching than the other two at all temperatures. The ability to distinguish incident radiation using the PSD ratio R is quantified by the figure of merit (FOM), which is the separation between the neutron and gamma peaks ΔS as a ratio to the sum of the FWHM of the two peaks δn and δγ:
The FOM for the three elpasolites is given as a function of temperature in Figure 8 . CLYC significantly outperforms both CLLBC and CLYB at all temperatures. Better FOM have been reported for both CLLBC and CLYB at room temperature than shown here, likely due to the quality of the crystals and better optimization of PSD integration windows. Interestingly, while the PSD performance of CLYC diminishes with increasing temperature, the opposite is true of CLLBC. It is possible that with a better quality crystal, CLLBC would perform better than CLYC at high temperatures.
V. CONCLUSION The light emission from CLYB and CLLBC under neutron and gamma exposure exhibits three distinct exponentially decaying components similar in timescale to those identified in CLYC, and thus likely due to the same scintillation mechanisms. The contribution of each mechanism to the total light output varies significantly by material. The decay time trends and thermal neutron GEE of CLLBC behave similarly to CLYC, reinforcing the likelihood that the same mechanisms are contributing. The opposite decay time trends and larger GEE of CLYB imply that these mechanisms behave differently in that material, and warrant further study.
